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MAGNETICALLY ACTIVATED WELL TOOL 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application is a continuation in part: U.S. 
application Ser. No. 09/286,362, filed Apr. 5, 1999 now U.S 
Pat. No. 6,411,084 and entitled Magnetically Activated Well 
Tool, hereby incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not Applicable. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to locators for locating 
anomalies in a casing String for a wellbore Such as casing 
joints. More particularly, the invention relates to apparatus 
and methods for detecting, identifying, and locating anoma 
lies in Strings of tubular members by Sensing the natural 
magnetic fields induced within the String, Such as perturba 
tions in the natural magnetic fields due to fringe effects 
caused by the anomalies. 

2. Description of the Related Art 
Casing collar locators are used to locate joints within the 

borehole casing. The locator is Suspended on a wireline 
cable and passed through the cased borehole. The locator 
detects the collars used at joints in the casing String as the 
locator is moved upwardly and/or downwardly through the 
casing. Various types of casing joints are used to connect 
adjacent ends of the casing Section in a threaded 
engagement, Such as upset joints and exterior collar joints. 
AS the locator moves adjacent to a casing joint, it detects a 
change in the magnetic readings resulting from the change 
in casing thickness, or change in mass of metal associated 
with the casing wall or it detects a change in the polarity of 
adjacent Sections of casing. 

Casing collar locators are extremely important tools for 
downhole operations. They are required for depth correction 
operations and for the accurate placement of downhole 
tools, Such as anchors, bridges, whipstocks, profiles, and 
packers. For example, it is desired to avoid Setting a down 
hole tool on a casing joint Since the joint presents a gap or 
discontinuity in the casing wall that may prevent the down 
hole tool from Sealing or anchoring properly. 

In order to detect a casing joint, conventional casing collar 
locators typically rely on the generation of a relatively 
powerful magnetic field from the locator using either a 
permanent magnet or by passing a current through a coil to 
induce magnetism. A significant amount of power is 
required to generate the magnetic field. AS the coil passes 
adjacent a casing joint, the flux density of the magnetic field 
is changed by the variation in the thickness of metal pro 
Vided by the joint. The change causes an electrical output 
Signal to be generated that indicates the presence of the 
casing joint, and this output signal is transmitted to the 
surface of the well through a wireline. 

Unfortunately, conventional casing collar locators Suffer 
from operational disadvantages and limitations of their 
effectiveness. Conventional locators are not greatly 
Sensitive, in general, to discontinuities, anomalies, or other 
changes in the wall of the casing because prior art locators 
are necessarily large and often Several inches to a few feet 
in length. This causes the locators to have a large resolution 
Such that they cannot detect changes in the magnetic fields 
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2 
of the casing that are less in length than the locator. Thus, 
Such prior art locators are insensitive to Small anomalies in 
the casing. 
AS a result of not having a high resolution, conventional 

casing collar locators are reliable only in a “dynamic' mode 
wherein the locator is moved rapidly through the wellbore 
casing in order to accurately detect the presence of casing 
joints. If the locator is moved too slowly, the changes in the 
Signal indicative of the presence of a casing joint, Such as a 
collar, may be too gradual to be recognized by the well 
operator. Dynamic location of casing joints thus is disad 
Vantageous because it tends to provide leSS accurate real 
time information concerning the position of the casing joint. 
For example, if it is desired to set a packer five feet below 
a particular casing joint in a wellbore, a conventional casing 
collar locator would be moved rapidly either upwardly or 
downwardly through the wellbore until the particular casing 
joint is detected. When that occurs, a Signal is provided to 
the wellbore operator which indicates the location of the 
joint. Due to movement of the locator through the casing, 
however, the casing collar locator is no longer positioned 
proximate the casing joint by the time the operator receives 
the Signal and reacts to it by Stopping movement of the 
locator. The precise position of the casing joint must then be 
Somewhat approximated given the current position of the 
locator within the wellbore. 

Additionally, conventional locators locate casing joints by 
detecting a difference in thickness of the casing wall Such as 
the presence of an external upset or collar. These devices are 
actually, “collar” locators rather than “joint” locators. As a 
result, they are unable to reliably detect a “flush” joint where 
the casing wall thickneSS is not appreciably altered by the 
presence of the joint. A joint is considered flush where the 
adjacent casing Sections are threaded directly to one another 
or where the upset or collar is unusually thin or contains very 
little metal. 

In addition, because conventional casing collar locators 
generate a Significant magnetic field, they tend to interfere 
with other downhole instrumentation that rely upon accurate 
magnetic readings. For example, a compass-type magne 
tometer that is attempting to find magnetic north can be 
confused by the magnetic field generated by the casing 
collar locator. Some induction-type locators are known that 
generate and transmit Strong electromagnetic waves, rather 
than magnetic fields, to detect casing joints. Unfortunately, 
these devices also tend to interfere with downhole instru 
mentation. 

A need exists for a locator that can more reliably detect 
the presence of casing Section joints in a wellbore and 
particularly flush joints that do not employ radially enlarged 
upsets or collars. Further, a need exists for a locator that 
generates a minimal or no magnetic field that affects the 
operation of other downhole instrumentation. 

In addition, a need exists for a detector that can detect, 
identify, and/or locate anomalies, Such as deformities, 
discontinuities, perforations and the like, in a cased bore 
hole. To locate the depth and angular orientation of a 
perforation, for example, requires a very Sensitive locator 
because of the small size of the perforation. The perforation 
generally is less than one inch in diameter and typically only 
one-fourth inch in diameter, thus providing a very Small 
change in the continuity of the casing wall and requiring a 
very Sensitive locator. 

By way of background, to complete a well, the cased 
borehole is perforated adjacent the formation to be pro 
duced. A perforating trip is made by lowering into the well 
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bore a perforation tool mounted on the lower end of a 
wireline or tubular work string. The perforation tool or 
"gun' assembly is then detonated to create a Series of Spaced 
perforations extending outwardly through the well casing, 
the cement holding the casing in place in the wellbore, and 
into the production Zone. Although these perforations may 
have a random pattern, typically the perforations are made 
in a spiral pattern around the casing String. 

Often the well is treated to enhance production. Well 
treatment may include treating the formation with 
chemicals, “fracturing” or a “fracing the formation, injec 
tion of high pressure fluids, acidizing, jetting, or pumping 
proppant into the formation to maintain the fractures in the 
formation. The well is treated or Stimulated by pumping 
fluids through the perforations and into the formation. For 
example, during fracing, a tubular discharge member having 
a Series of Spaced discharge ports is lowered into the well on 
a work String. Packers are Set above and below the perfo 
rations to form an isolated region. The discharge ports are 
preferably aligned with the perforations. A slurry is then 
pumped down the WorkString and discharged through the 
ports in the discharge member causing the Slurry to flow 
through the perforations and into the Surrounding production 
Zone. The slurry may include proppant or other treatment 
fluid. 

Well treatment techniques have several well known 
problems, limitations, and disadvantages. For example, 
when the discharge member is lowered into the well bore, it 
is difficult to obtain a precise alignment (in both the axial 
and angular directions) between the discharge ports in the 
discharge member and the perforations in the casing. The 
usual result is that Some degree of misalignment exists 
between the discharge ports and the perforations. When the 
ports and perforations are not in alignment, the high preSSure 
fluid must follow a tortuous path before entering the perfo 
rations after it is discharged from the discharge member. 
Because the treatment fluid is discharged at a very high 
preSSure and often is highly abrasive, this tortuous flow path 
can cause Severe abrasion and wear problems in the casing. 

In addition, it is important that the packer or packers not 
be set in the perforated region of the casing. If a packer is 
Set in the area having the perforations, the fluid flowing out 
of discharge ports and through the perforations into the 
formation may flow back into the wellbore annulus through 
perforations that are above or below that portion of the 
wellbore annulus that is isolated by the packers. Turbulence 
caused by the high preSSure and abrasive fluid flowing back 
into the annulus creates a pressure differential acroSS the 
packers and tends to erode or “wash out' and ruin the 
packers. Additionally, it is important that the packer or 
packers not be set within a casing joint, but instead be set in 
blank pipe. Typically, there are gaps between the aligned 
ends of casing Sections at the casing joints. If the packer is 
Set in this region, then the packer will not Seal properly and 
hold pressure to isolate the intended interval. When this 
occurs, the treatment fluid can pass out of the interval and 
into the annulus and wash out and erode the packer. 
Accordingly, it is critical to know the location of the 
perforations and the casing joints to ensure that the packer 
is not Set within the perforations or within a casing joint. 
Unfortunately, properly positioning the packer with respect 
to the perforations and casing joints has been difficult to 
achieve. 

Furthermore, even if the depth of the discharge member is 
precisely known, there still exist problems that are intro 
duced due to inaccuracies in determining the actual depth of 
the perforations. AS Stated above, the Step of perforating the 
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4 
well typically includes recording the depth and location of 
the perforations; however, using perforation equipment with 
both wireline and tubing nevertheless does not always 
provide accurate depth measurements, due again to the 
tendency of the tubing or wireline to expand with down hole 
temperatures or to bend in the borehole. 
A need thus exists for a detector that can more reliably 

detect the presence of anomalies, Such as perforations, in the 
cased borehole. Further, a need exists for a detector that 
generates a minimal or no magnetic field that would affect 
the operation of other downhole instrumentation. 

Giant magnetoresistive or GMR magnetic field Sensors 
are know for use in high accuracy compasses and geophysi 
cal applications Such as magnetic field anomaly detection in 
the earth's crust. GMR sensors are constructed from 
alternating, ultrathin layers of magnetic and non-magnetic 
materials. GMR Sensors provide high Sensitivity to changes 
in a nearby or Surrounding magnetic field. GMR Sensors of 
this type are described in the prior art NVE brochure entitled 
“NVE-Nonvolatile Electronics, Inc. The GMR Special 
ists' with errata sheets, and are currently manufactured and 
marketed by Nonvolatile Electronics, Inc., 11409 Valley 
View Road, Eden Prairie, Minn. 55344-3617, (612) 829 
9217. The GMR sensor uses a “giant magnetoresistive 
effect” to detect a change in electrical resistance that occurs 
when Stacked layers of ferromagnetic and non-magnetic 
materials are exposed to a magnetic field. 
The present invention overcomes the deficiencies in the 

prior art. 
SUMMARY OF THE INVENTION 

The present invention provides an apparatus and methods 
for reliably detecting, identifying, and locating anomalies in 
a casing String extending into a wellbore. The apparatus and 
methods include a detector assembly with a Sensor that can 
Sense casing anomalies that vary the magnitude of the 
magnetic field or that have fringe effects that cause 
perturbations, or changes, in magnetic fields that are induced 
in the casing Sections by the earth's natural magnetic field. 
To detect casing joints, the induced magnetic fields 

include attractive forces that result from magnetic fringe 
effects proximate the longitudinal ends of the casing Sec 
tions. The attractive forces are present at the connective 
joints of the casing String, thus presenting perturbations in 
the magnetic fields associated with the casing. The inventive 
methods and apparatus will detect voids, Such as gaps and 
discontinuities, associated with a casing joint as well as an 
increased thickness caused by an upset or external collar 
asSociated with a casing joint. Thus, the inventive methods 
and apparatus are capable of detecting flush joints as well as 
other conventional casing joints. 
The apparatus and methods also provide clear and reliable 

Signals indicative of the presence of Small anomalies includ 
ing perforations which are Small in size and flush joints 
where there is no appreciable change in the diameter of the 
casing at the joint. As a result, the possibility of a well 
operator failing to recognize Such a signal is minimized. 
The detector assembly of the present invention generates 

essentially no magnetic or electromagnetic field. As a result, 
the presence of the detector does not affect other downhole 
instrumentation. The detector assembly relies upon the 
earth's natural magnetic field to polarize and thus induce a 
magnetic field in the Surrounding casing Sections. The 
detector assembly detects perturbations in this naturally 
induced magnetic field, Such as will result from the fringe 
effects associated with anomalies, Such as gaps, holes, or 
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discontinuities in the casing wall. The detector assembly 
also easily detects the magnetic Signature associated with the 
presence of a Surrounding casing collar. 

Further, methods and apparatus of the present invention 
provide for accurate measurement of lengths and distances, 
Such as the length of casing joints or the distance between 
Such joints. 

The present invention also provides a detector assembly 
with a Sensor having a very Small physical Size and that uses 
very little power. Further, the detector assembly of the 
present invention does not need to be moved rapidly through 
the wellbore in order to reliably detect an anomaly in the 
casing String. Thus, methods are described for “Static' 
detection of casing anomalies where the detector assembly 
is moved either very slowly or not at all and that detector can 
Still reliably detect the casing joint. 

The detector assembly of the present invention can also 
locate Small anomalies or changes in the thickness of the 
wall of the casing String. For example, the detector assembly 
can detect, identify, and locate perforations in the casing 
having a one-quarter inch diameter. Only one Sensor is used 
in the detector assembly for perforation patterns with per 
forations on only one side of the casing in a given plane 
perpendicular to the longitudinal axis of the casing. For 
perforation patterns with perforations on more than one side 
per plane, more than one Sensor is used in the detector 
assembly to detect the individual perforations. However, 
with perforation patterns having perforations on more than 
one side per plane, one Sensor can be used to detect the 
perforation Zone of the casing. The detector assembly also 
locates the perforations by determining the depth and angu 
lar orientation of the perforations for Setting one or more 
packers in the casing String. 

Thus, the preferred and alternative embodiments com 
prise a combination of features and advantages that enable 
them to overcome various problems of prior art devices. The 
various characteristics described above, as well as other 
features, will be readily apparent to those skilled in the art 
upon reading the following detailed description of the pre 
ferred and alternative embodiments, and by referring to the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more detailed description of the preferred and 
alternative embodiments, reference will now be made to the 
following accompanying drawings: 

FIG. 1 is a cross-section through the casing String illus 
trating various examples of anomalies which may be 
detected, identified and located by the detector assembly of 
the present invention; 

FIGS. 2-4 are cutaway Side views of a pair of casing 
Sections joined to one another by a flush joint and containing 
an exemplary locator for casing joints constructed in accor 
dance with the present invention; 

FIG. 5 is an enlarged view of a portion of a flush casing 
joint, 

FIG. 6 is a cutaway Side view of a pair of casing Sections 
joined by an external collar connection and containing an 
exemplary locator for casing joints constructed in accor 
dance with the present invention; 

FIG. 7 illustrates the induction of magnetic forces in a pair 
of casing Sections, 

FIG. 8A is a schematic of a sensor without an external 
magnetic field and FIG. 8B is a schematic of a sensor with 
an external magnetic field; 
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6 
FIG. 9 is a Schematic diagram illustrating exemplary 

Signals received and generated by the Signal processor, 
FIG. 10 is a cutaway side view of a casing section with 

perforations containing an exemplary locator constructed in 
accordance with the present invention; 

FIG. 11 is an elevation view of a perforated casing having 
perforations in a spiral pattern; 

FIG. 12 is a croSS Section view of a perforated casing 
having perforations which are opposed to each other; and 

FIG. 13 is a cross-sectional elevation view of the lower 
end of a cased borehole with an earthen borehole extending 
below the terminal end of the casing. 

DETAILED DESCRIPTION OF THE 
PREFERRED AND ALTERNATIVE 

EMBODIMENTS 

The apparatus and methods of the present invention relate 
generally to detecting, identifying, and locating anomalies in 
the wall of a String of tubular members by Sensing changes 
or perturbations in natural magnetic fields induced within 
the String. The present invention is not limited to any 
particular type of anomalies and in particular is not limited 
to casing joints and perforations which are described as 
examples of the application of the apparatus and methods of 
the present invention. The drawings and the description 
below disclose in detail specific embodiments of the present 
invention with the understanding that this disclosure is to be 
considered an exemplification of the principles of the 
invention, and is not intended to limit the invention to that 
illustrated and described in the disclosure. Further, it is to be 
fully recognized that the different teachings of the embodi 
ments discussed below may be employed Separately or in 
any Suitable combination to produce desired results. 

Referring initially to FIG. 1, a detector assembly 66 
includes one or more Sensors 70 for detecting, identifying, 
and locating anomalies in the Steel or metal casing 14 
making up the casing String 11 disposed in the borehole of 
a well. An anomaly is defined as any variance in the 
thickness T in the wall 21 forming bore 16 including the 
absence of thickness, Such as a hole through the casing wall. 
Thickness T is defined as the uniform thickness of the blank 
portion 15 of the tubular member making up a casing Section 
between the threaded end connections or joints. 

FIG. 1 illustrates various examples of anomalies which 
may be detected, identified, and/or located by detector 
assembly 66. It should be appreciated that the anomalies 
shown in FIG. 1 are only illustrative of anomalies in a casing 
String and should not be considered limiting of the anoma 
lies which may be detected, identified and/or located by 
detector assembly 66. FIG. 1 illustrates various anomalies 
including a hole 112 passing through the wall 21 of casing 
String 11, an internal profile 114 for locating a well tool or 
tubular member for performing a well operation within the 
well, a well reference member 116 permanently disposed 
within a casing Section downhole for locating a well tool or 
tubular member downhole, a casing collar connection joint 
118 increasing the thickness T of the casing String 11, a upset 
casing joint 120 forming an annular gap in the interior of 
casing String 11, another casing joint 122 forming an exter 
nal angular gap, damage 124 to the casing, a flush joint 126 
having air gaps in the threads, and a Scar 128 on the exterior 
wall of casing String 11. All of the above are examples of 
anomalies. It should be appreciated that Some anomalies 
relate to variations in the thickness T of wall 21, others 
include a reduction of the mass at a particular point in the 
wall 21 of casing String 11 and others include an aperture, 
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hole, or perforation extending completely through the wall 
21 of casing String 11. It also can be seen that anomalies may 
include annular anomalies which extend around the internal 
or external circumference of wall 21, others include air 
pockets or gaps interior to wall 21, and other anomalies 
include a reduction in the interior or exterior mass of the 
wall 21 due to Scarring or other damage to the wall Surface. 

It should be appreciated that detector assembly 66 may be 
used to detect an anomaly or may be used to identify an 
anomaly, or may be used to locate an anomaly. Detector 
assembly 66 may also be used to measure the dimensions of 
an anomaly. In locating an anomaly, detector assembly 66 
may determine the depth of the anomaly, depth being the 
distance between the anomaly and the Surface measured 
through the bore of casing String 11, and may determine the 
angular orientation of the anomaly within the cylindrical 
wall 21 of casing String 11. In a vertical casing String, the 
angular orientation will be the azimuth of the anomaly. 
The Sensor 70 Senses an increase or decrease in the mass 

of the wall 21 at a particular point along casing String 11 as 
well as Senses the absence of mass. Anomalies which 
include breaks in the interior surface of wall 21 form fringe 
effects which cause perturbations in the naturally induced 
magnetic field of the wall 21 of casing string 11. The 
variation in mass and/or the fringe effects alter the external 
magnetic field around Sensor 70 causing an increase or 
decrease in the resistance of sensor 70 thereby altering the 
flow of current through Sensor 70. A signal is generated by 
the change in current flow and the Signal is transmitted to the 
Surface to provide a detection, identification, or location of 
the anomaly in casing String 11. 

Referring now to FIGS. 2-5, there is shown an example 
of using the detector assembly 66 for detecting, identifying 
and locating a casing joint in the casing String. A borehole 
Section 10 is depicted extending through a formation 12 in 
the earth. The borehole section 10 includes a string 11 of 
Steel or metal tubular casing 14 forming a cylindrical wall 21 
that encloses and defines bore 16 therethrough. Cement 18 
Surrounds the radial exterior of the casing 14. 
A plurality of elongated tubular casing Sections makes up 

the String of casing 14. Two representative casing Sections 
20, 22 are shown affixed to one another at a threaded joint 
24 that is shown in FIGS. 2-4 and in a closer view in FIG. 
5. The joint 24 is made up of a pin-type connector 26 on the 
upper casing Section 20, which is Secured within a compli 
mentary box-type connector 28 on the lower casing Section 
22. The particular joint depicted in FIGS. 2-5 is a flush joint 
wherein there is little or no change in the thickness T of the 
casing 14 at the joint. AS is apparent, there is no external 
collar used to join the two casing Sections. 

The threads of the joint 24 include a plurality of air gaps 
30, best shown in FIG. 5, that are inherent in any such 
threaded connection where the generally complimentary 
threads of the two sections 20, 22 are interleaved. Further, 
discontinuities in the form of annular gaps 32, 34 are present 
at either end of the threaded joint 24. Gaps 32,34 are formed 
between the terminal end of the casing section 20, 22 and the 
shoulders 25, 27 at the base of the threads on sections 20, 22, 
respectively. 

FIG. 6 depicts a more conventional casing collar joint 36 
in which the pair of casing Sections, designated as 20' and 
22', are interconnected by a threaded collar 38 that is used 
to Secure a pair of pin-type connectors 40. A discontinuity in 
the form of annular gap 42 is present between the terminal 
ends of the two adjacent casing Sections 20' and 22". 

The earth's natural magnetic field causes metallic casing 
Sections to act as magnetic dipoles, thus providing their own 
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8 
naturally induced magnetic fields. Referring for the moment 
to FIG. 7, illustrative magnetic lines of force 50 are depicted 
around casing Sections 20, 22. The magnetic lines of force 
50 show a magnetic field that is induced within the casing 
sections 20, 22 by the earths natural magnetic field 52, or the 
magnetic forces travelling from the magnetic north to South 
poles of the earth. As a practical matter, the induced mag 
netic field 52 is very weak, but it is capable of being detected 
by Suitably Sensitive instrumentation. In essence, the natural 
field 52 polarizes each Section 20, 22 to act as a dipole, 
providing attractive magnetic forces 50 running from their 
north poles 54 to their south poles 56. Each casing section 
20, 22 is polarized in a common direction so that their north 
and South poles 54, 56 are commonly oriented. In addition, 
it should be understood that when the casing Sections are 
interconnected, the entire casing String thus formed will act 
as a Single dipole to Some extent as well. 

It is well known that the magnetic field is Stronger 
proximate the north and South ends of a dipole. When the 
casing Sections 20.22 are placed close to one another in an 
end-to-end relation, as depicted in FIG. 7, there are attractive 
magnetic end effects, or “fringe effects,” 58 that act between 
the two adjacent casing Sections 20, 22. When the two casing 
Sections 20.22 are joined to one another via a threaded 
connection 24 (or 36), the flinge effects 58 continue to 
provide lines of attractive magnetic force between portions 
of the interconnected casing Sections at and around the 
connection point. These lines of attractive force generally 
correspond to the presence of Small gaps or Separations, Such 
as at 30, between the two sections. By way of example, FIG. 
5 is a close up view of a portion of the threaded flush joint 
connection 24 showing illustrative lines for these attractive 
forces 60 located at the gaps 30 and the discontinuities 32 
and 34 for the connection. The aggregate of these Small 
attractive forces 60 leads to an increased fringe effect 
magnetic Signature 62 that is depicted by magnetic force 
lines in FIGS. 2-4. 
An increase localized magnetic signature 63 is also shown 

to be associated with the collar joint 36 in FIG. 6. This 
Signature 63 results from the increase mass of metal pro 
vided by the external collar 38 as well as the attractive 
magnetic effects associated with the discontinuity 42 in the 
wall of the casing String. 

FIGS. 2-4 and 6 also show suspended within the bore 16 
of the String of casing 14, a wireline 64 that is disposed into 
the wellbore 16 from the surface (not shown). The wireline 
64 is adapted to transmit power and data in the form of a 
modulated electrical Signal. It is preferred that the wireline 
64 include power and ground wires, data transmission lines, 
and command/response transmission lines. The wireline 64 
also Supports detector assembly 66 that includes a pressure 
barrel 68 constructed of a non-magnetic material Such as 
beryllium copper. The pressure barrel 68 is constructed to be 
resistant to fluids and capable of withstanding downhole 
preSSures without collapsing. It should be appreciated that 
detector assembly 66 may be Suspended on tubing rather 
than a wireline. 
The sensor 70 in detector assembly 66 may be a “giant 

magnetoresistive,” or GMR magnetic field Sensor that is 
housed within the pressure barrel 68. GMR sensors are 
constructed from alternating, ultrathin layers of magnetic 
and non-magnetic materials. GMR Sensors provide high 
Sensitivity to changes in a nearby or Surrounding magnetic 
field. GMR sensors of this type are currently manufactured 
and marketed by Nonvolatile Electronics, Inc., 11409 Valley 
View Road, Eden Prairie, Minn. 55344-3617, (612) 829 
9217. The GMR sensor is adapted to detect a change in a 



US 6,815,946 B2 

Surrounding magnetic field and, in response thereto, gener 
ate a signal indicative of the change. The Sensitivity of the 
GMR sensor permits detection of small anomalies in the 
Surrounding magnetic structure, Such as the gaps 30 and the 
discontinuities 32, 34 of the casing joint 24. As a result, 
joints between a pair of interconnected casing Sections can 
be detected by the detector assembly 66. It is noted that a 
GMR Sensor itself generates essentially no magnetic Signa 
ture and, therefore, will not affect the operation of other 
downhole equipment that detect or rely upon magnetic 
readings. 

Referring now to FIGS. 8A and B, there is shown a 
Schematic of a "giant magnetoresistive,” or GMR magnetic 
field sensor 70 described in the prior art NVE brochure 
entitled “NVE-Nonvolatile Electronics, Inc. The GMR 
Specialists' with errata Sheets, all hereby incorporated 
herein by reference. The “giant magnetoresistive effect' is a 
change in electrical resistance that occurs when Stacked 
layers of ferromagnetic and non-magnetic materials are 
exposed to a magnetic field. High sensitivity low field GMR 
materials are to be used in high accuracy compasses and 
geophysical applications Such as magnetic field anomaly 
detection in the earth's crust. 

FIG. 8A illustrates sensor 70 with no external magnetic 
field and FIG. 8B illustrates sensor 70 with an external 
magnetic field. Sensor 70 includes alternating layers of 
magnetic and nonmagnetic materials. In a typical Sensor 70, 
there are two layers of magnetic material 90, 92, such as an 
alloy, which are Separated by an interlayer of a conductive, 
nonmagnetic material 94. A magnetic field 100 applied to 
sensor 70 induces a current 102 to flow through materials 90, 
92, 94 which provide a resistance. The resistance to current 
102 is high. Referring to FIG. 8A and as shown by arrows 
96, 98, the magnetic moments in magnetic materials 90, 92 
face opposite directions due to magnetic field 100. Referring 
to FIG. 8B, applying an external magnetic field 104 causes 
the magnetic moments 96, 98 to line up in the direction of 
the current 102 from magnetic field 100. Electrical resis 
tance drops dramatically. AS the external magnetic field 104 
varies, the current varies. 

The sensor 70 is very small having typical dimensions of 
0.154 inches by 0.193 inches by 0.054 inches. Thus, sensor 
70 is sufficiently sensitive to detect perturbations of a similar 
size, i.e., Substantially less than an inch. The advantages of 
the GMR Sensor include reduced size, high Signal level, high 
Sensitivity, high temperature Stability, and low power con 
Sumption. 

The detector assembly 66 also includes a signal processor 
72 that is operably interconnected with the sensor 70. The 
Signal processor 72 receives the Signal provided by the 
Sensor 70, amplifies the Signal, and shapes it in order to 
provide a processed signal more recognizable. At the 
Surface, in the preferred embodiment described here, the 
processed Signal features a readily recognizable Square 
wave, the high State portion of which corresponds to the 
presence of a joint. The Signal processor 72 includes an 
amplifier and an analog-to-digital converter (neither shown), 
which are well-known components. The amplifier enhances 
the Signal while the converter is used to convert the analog 
readings obtained by the sensor 70 into a more readily 
recognizable digital signal. If desired, the Signal processor 
72 may incorporate one or more noise filters of a type known 
in the art in order to remove noise from the Signal generated 
by the Sensor 70. Other Signal processing techniques used to 
enhance the quality of Such signals may be applied. 

The detector assembly 66 further includes a data trans 
mitter 74 that is operably interconnected with the signal 
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processor 72. The data transmitter 74 receives the amplified 
and processed signal created by the Signal processor 72 and 
transmits it to a distant receiver, typically located at the 
Surface of the wellbore that includes borehole section 10. 
The distant receiver might comprise an oscilloscope, 
computer, or Storage medium for the Signals. 

In operation, the Sensor 70 Senses the perturbation pro 
Vided by the increased or changed magnetic fields associated 
with anomalies in the wall of the casing String, Such as the 
connections or joints between casing Sections 20, 22 or 20, 
22. In the case of the collar connection 36 shown in FIG. 6, 
the sensor 70 senses the increased magnetic field in the 
Surrounding casing resulting from the presence of the exter 
nal collar 38 as well as that provided by the discontinuity 42. 

FIG. 9 illustrates the processing of the signals by the 
Signal processor 72. The Sensor 70 sends an analog signal 
100 to the processor 72. As shown, the analog signal 100 is 
made up of a number of peaks and Valleys that correspond 
to changes in the magnetic field sensed by the sensor 70. The 
analog signal 100 includes a reduced baseline Signal portion 
102 that corresponds to detection by the sensor 70 of 
continuous casing walls. The Signal 100 also includes an 
enhanced Signal portion 104 that corresponds to the detec 
tion by the Sensor 70 of anomalies, Such as discontinuities, 
holes, or gaps in the Surrounding casing walls. The enhanced 
signal portion 104 is significantly different from the baseline 
Signal portion 102 due to changes in the borehole magnetic 
flux as a result of the discontinuities 32, 34 and gaps 30 
present in the casing 14. AS noted, the Signal processor 72 
contains an amplifier and analog-to-digital converter, both of 
which are well-known components. The Signal processor 38, 
therefore, produces a processed digital signal 110 based 
upon the analog Signal 100 it receives. The processed signal 
110 is preferably a square wave that is made up of “high” 
and “low” states, each of which are indicative of a different 
condition. This type of Signal is preferred because it pro 
vides a more definite indication of condition than an analog 
signal such as signal 100. The high state portion 112 of the 
signal 100 is indicative of the presence of discontinuities 
and/or gaps in the Surrounding casing wall and is produced 
when the Sensor 70 is located adjacent a casing joint, Such 
as joint 24. Conversely, a low state portion 114 results when 
there is an absence of Such discontinuities and gaps. The 
processed signal 110 is received by and then transmitted to 
the Surface via the data transmitter 74 on a periodic basis, 
such as every 50 milliseconds. 
AS explained, the high State portion 112 of the Square 

wave of the processed Signal 110 corresponds to the pres 
ence of anomalies, Such as discontinuities, gaps, and/or 
casing mass change in the Surrounding casing wall, while the 
low state portion 114 of the signal 110 indicates the absence 
of anomalies, Such as discontinuities, gaps, and wall mass 
change, that would affect the Surrounding magnetic field. AS 
a result, the length (“x” in FIG. 5) of the high state portion 
112 corresponds to the length of the joint 24 as measured 
from the upper discontinuity 32 to the lower discontinuity 
34. The detector assembly 66 permits the determination of 
the length of the joint 24 from the length “X” of the high state 
portion 112 of the signal 110. This capability provides well 
operators with greater information regarding the exact loca 
tion and sizes of joints within a cased wellbore and is, 
therefore, quite valuable. More specifically, the detector 
assembly 66 is typically moved at a relatively constant rate, 
or velocity, through the wellbore 10. This rate is known and 
controlled at the Surface. When this is the case, the detector 
assembly 66 is initially positioned at a known depth or 
location in the cased wellbore. If the initial position for the 
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detector assembly 66 is at the surface of the well, the initial 
position will be at Zero (0) feet. As the detector assembly 66 
is lowered though the wellbore, the signal 110 is normally 
transmitted to the Surface, or updated, in a periodic fashion 
over time, i.e., every 50 milliseconds. Because the Velocity 
of movement (v) of the detector assembly 66 through the 
cased wellbore is known and the time (t) of the Signals is 
known, the location of the detector assembly 66 within the 
well can be determined. Further, the location of the detector 
assembly 66 can be referenced to the presence of a joint 
between casing Sections So that the location of these joints 
is easily tracked and determined. Additionally, the Signal 
length (“X”), discussed earlier, can be easily correlated to the 
length of a certain joint So that the actual length of the joint 
as well as the exact depth of portions of the joint can be 
determined. 

The example is further illustrated in FIG. 9 where the 
analog signal 100 changes from its baseline signal 102 to the 
enhanced signal 104 upon encountering the leading portion 
of a joint, Such as the upper discontinuity 32 of joint 24. The 
Signal processor 72 converts the analog Signal to the pro 
cessed signal 110 and, when the leading portion of the joint 
24 is detected by the sensor 70, the processed signal 110 
changes from a low State Signal 114 to a high State Signal 112 
at point 116. At the surface, point 116 is correlated with a 
depth marker (e.g., 222.5 ft.), as calculated by the Velocity 
VS. time relationship described earlier. Such correlation can 
be easily accomplished using known Software to make the 
appropriate calculations. AS the Sensor 70 is moved down 
wardly and past the lower portion of the joint 24, the 
processed Signal 110 changes from a high State Signal 112 to 
a low state signal 114 at point 118. Point 118 is also 
correlated with a depth marker (e.g., 228 ft.). The difference 
between points 116 and 118 yields 5.5 ft., the length of the 
joint 24. 

Operation of the detector assembly 66 in an exemplary 
wellbore is illustrated by the sequence of FIGS. 2-4 that 
show the detector assembly 66 being lowered through the 
cased borehole section 10. In FIG. 2, the detector assembly 
66 is located within the cased borehole section 10 and 
moved in the direction of arrow 80 until the sensor 70 is 
Substantially adjacent the discontinuity 32 at the upper end 
of the joint 24. At this point, the discontinuity 32 is detected 
by the sensor 70 and a processed signal 110 is moved to a 
high state 112 from a low state 114. 

In FIG. 3, the sensor 70 is located proximate the gaps 30 
of the joint 24. As a result, the processed signal 110 will be 
maintained in the high State 112 due to the alteration in the 
Surrounding magnetic field caused by gaps 30. In FIG. 4, the 
detector assembly 66 has moved downwardly to the point 
where the sensor 70 is disposed below the lower disconti 
nuity 34 and is adjacent the wall of the lower casing Section 
22. Due to the absence of gaps 30 or discontinuities 32, 34, 
the processed signal 110 will return to the low state 114. 

It should be appreciated that the detector assembly 66 of 
the present invention may be used to detect any anomaly in 
the wall of the casing String. For example, detector assembly 
66 is useful in detecting breaks or ruptures in the wall of the 
casing 14. Such breaks and ruptures result in a change, or 
perturbation, in the induced magnetic fields in the wall of the 
casing String. As a result, the detector assembly 66 may be 
used to find damage in a wellbore casing. The methods of 
detecting Such damage are Substantially the same as those 
described above with respect to detecting casing joints. 

Referring now to FIGS. 10-12, there is shown another 
application of the detector assembly 66 to locate perfora 
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tions in the casing. The detector assembly 66 is the same as 
that discussed above. Instead of locating casing joints or 
casing collars, however, the detector assembly 66 operates in 
the same manner to detect perforations 800, 802 in the wall 
of the casing 20. Perforations 800, 802 are small, generally 
less than one inch in diameter and typically having a 
diameter of 0.25 inches. Thus, perforations 800, 802 have 
the same magnetic force qualities as gaps, Such as air gaps 
30 shown in FIG. 4. Due to the natural magnetic field of the 
casing 14, the perforations produce fringe effects 58 due to 
the lines of attractive magnetic forces 60 acroSS the Sides of 
the perforations 800, 802. The attractive magnetic forces 60 
produce an increased magnetic Signature 63 just as with the 
casing joints and casing collars discussed above. With a 
detector assembly 66 having a resolution high enough to 
detect the increased magnetic Signatures of the perforations 
800, 802, the exact location of the perforations can be 
determined. The detection of perforations is sensitive to the 
location of the perforations 800, 802 and the axial location 
of the detector assembly 66 in the casing 20. 

For perforation patterns with perforations 800, 802 on one 
Side of the casing 20 in a given plane perpendicular to the 
longitudinal axis of the casing 20 as shown in FIG. 10, only 
one sensor 70 is needed. For perforation patterns with 
perforations 800, 802 having a spiral pattern with spiraling 
rows 804 as shown in FIG. 11, only one sensor may be 
needed Since the perforations are Staggered. For perforation 
patterns with opposing perforations 800, 802 on more than 
one side of the casing 20 per plane as shown in FIG. 12, 
more than one sensor 70, Such as sensors 70a, 70b, is needed 
to detect individual opposed perforations. However, with 
perforation patterns with perforations 800, 802 on more than 
one side per plane, one Sensor 70 may still be used to detect 
the perforation Zone of the casing 20 because it is not 
necessary to detect the individual perforations 800, 802. 

In operation, the detector assembly 66 may be included as 
part of a bottom hole assembly (BHA) 76 on a workstring 82 
when the BHA 76 includes nozzles or ports 78 and one or 
more packers 80a, 80b. The detector assembly 66 typically 
has a resolution of approximately 0.1 inch So that it can 
detect the increased magnetic Signature caused by the fringe 
effects of an anomaly of 0.1 inch or more Such as a 
perforation of approximately 0.25 inch diameter. The BHA 
76 is lowered into the casing bore 16 to a depth such that 
ports 78 are below the region of perforations 800, 802 in 
casing 20. The BHA 76 is then raised until the detector 
assembly 66 Senses the increased magnetic Signature asso 
ciated with the perforations 800, 802. When the detector 
assembly 66 locates perforated region in the casing 20, the 
BHA 76 is raised a known distance such that the ports are 
substantially aligned with one or more perforations 800, 
802. Likewise, the BHA 76 is also raised until the packers 
80a, 80b straddle the perforated Zone in a blank section of 
casing (a section free of perforations and casing joints). 
Once the position is confirmed, the packers are Set and the 
well operation commences. The well operation may include 
any well Stimulation or treatment including fracing, acid 
treatment, or other operation to enhance production. 

Referring now to FIG. 13, there is shown another pre 
ferred application of the detector assembly 66 of the present 
invention. The detector assembly 66 is substantially the 
Same as that previously described. In the preferred method 
illustrated in FIG. 13, the detector assembly 66 is lowered 
through a cased borehole with casing 14. The casing 14 is 
cemented by cement 18 into the borehole extending through 
formation 12. The casing 14 includes a lower terminal end 
106 with the earthen borehole 108 extending below the 
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terminal end 106 of casing 14. During well operations, it 
may be necessary to locate the lower terminal end 106 of 
casing 14 So that well operations may be conducted in that 
portion of borehole 108 extending below casing 14. One 
such well operation includes drilling a borehole below 
casing 14 that has a diameter equal to or greater than the 
outer diameter of casing 14 for disposing additional casing 
of a similar diameter below casing 14. The detector assem 
bly 66 with sensor 70 passes through borehole 108 to sense 
the change in the natural magnetic field between casing 14 
and the earthen borehole wall of borehole 108 extending 
below terminal end 106. Not only will there be a reduced 
magnetic field below terminal end 106, but fringe effects at 
the terminal end 106 produce perturbations in the magnetic 
field that Sensor 70 detects. The magnetic Signature pro 
duced by lower terminal end 106 permits the accurate 
location of terminal end 106 and, in particular, the upper end 
of the earthen borehole 108 extending below casing 14 for 
conducting of well operations. 

While preferred and alternative embodiments have been 
shown and described, modifications can be made by one 
skilled in the art without departing from the Spirit or teaching 
of this invention. The embodiments as described are exem 
plary only and are not limiting. Many variations and modi 
fications of the System and apparatus are possible and are 
within the Scope of the invention. Accordingly, the Scope of 
protection is not limited to the embodiments described, but 
is only limited by the claims that follow, the scope of which 
shall include all equivalents of the subject matter of the 
claims. 
What is claimed is: 
1. An apparatus for detecting an anomaly in the unifor 

mity of the wall of a String of casing extending into a well, 
the String of casing having a naturally induced magnetic 
field and the anomaly causing a fringe effect associated with 
the naturally induced magnetic field, comprising: 

a magnetoresistive field Sensor adapted to be Suspended 
into the casing, and 

Said Sensor producing a first signal while passing through 
a uniform casing wall and a Second Signal while 
passing the fringe effect of the anomaly. 

2. The apparatus of claim 1 wherein the Sensor produces 
Said Second Signal while passing an anomaly having dimen 
Sions of less than one inch. 

3. The apparatus of claim 1 wherein the Sensor produces 
Said Second Signal while passing an anomaly in the form of 
a gap between the terminal ends of two adjacent casings. 

4. The apparatus of claim 1 wherein the Sensor produces 
Said Second Signal while passing an anomaly in the form of 
an enlarged thickness in the casing String. 

5. The apparatus of claim 1 wherein the Sensor produces 
Said Second Signal while passing an anomaly in the form of 
air gaps in threads in the joints connecting the casings. 

6. The apparatus of claim 1 wherein the Sensor produces 
Said Second Signal while passing an anomaly in the form of 
a hole through the wall of the casing. 

7. The apparatus of claim 1 wherein the Sensor produces 
Said Second Signal while passing an anomaly in the form of 
a perforation in the casing wall. 

8. The apparatus of claim 1 wherein the Sensor produces 
Said Second Signal while passing an anomaly in the form of 
damage to the wall of the casing String. 

9. The apparatus of 1 wherein Said Sensor includes mag 
netic and non-magnetic layers of materials. 

10. The apparatus of claim 1 further comprising a signal 
processor operably interconnected with Said Sensor to gen 
erate a processed signal indicative of the anomaly. 
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11. The apparatus of claim 10 further comprising a means 

for receiving a signal generated by the Signal generator and 
transmitting it to a remote location. 

12. The apparatus of claim 11 wherein the Signal proces 
Sor comprises an amplifier. 

13. The apparatus of claim 11 wherein the Signal proces 
Sor comprises an analog-to-digital converter. 

14. The apparatus of claim 11 wherein the Signal proces 
Sor comprises a noise filter. 

15. The apparatus of claim 1 further comprising a pressure 
barrel housing that Substantially encloses the magnetoresis 
tive field sensor. 

16. The apparatus of claim 15 wherein the pressure barrel 
housing is Substantially comprised of a non-magnetic mate 
rial. 

17. The apparatus of claim 16 wherein the non-magnetic 
material comprises beryllium copper. 

18. The apparatus of claim 1 wherein the sensor produces 
the Second Signal white passing an anomaly in the form of 
a terminal end of the String of casing as the Sensor passes 
into an uncased Section of the well. 

19. A well tool for detecting an anomaly in the uniformity 
of the wall of a String of casing extending into a well, the 
String of casing having a naturally induced magnetic field 
and the anomaly causing a fringe effect associated with the 
naturally induced magnetic field, comprising: 

a pressure barrel; and 
a Sensor disposed within Said pressure barrel and adapted 

to generate a signal when exposed to the naturally 
induced magnetic field that is caused by the fringe 
effects associated with the anomaly, Said Sensor being 
itself Substantially free of a magnetic Signature. 

20. The well tool of claim 19 further comprising a signal 
processor associated with Said Sensor, Said Signal processor 
configured to convert Said Signal into digital data. 

21. The well tool of claim 19 wherein said sensor is a 
giant magnetoresistive field Sensor operatively connected to 
a WorkString adapted to convey signals, Said Sensor being 
adapted to transmit a signal through Said WorkString when 
exposed to the fringe effect associated with the naturally 
induced magnetic field. 

22. The well tool of claim 21 wherein the sensor has a 
resolution of approximately 0.1 inch. 

23. A method of locating a perforation in a tubular 
member in a well, the tubular member having a naturally 
induced magnetic field, comprising: 

passing a Sensor through the tubular member; 
Sensing a perforation in the tubular member causing a 

fringe effect associated with the naturally induced 
magnetic field; 

producing a signal from the Sensor indicative of the fringe 
effect associated with the perforation: and 

wherein the perforation is a region Substantially free of 
the magnetic fields of the tubular member. 

24. A method of locating an anomaly in a tubular member 
in a well, the tubular member having a naturally induced 
magnetic field, comprising: 

passing a Sensor through the tubular member; 
Sensing an anomaly causing a fringe effect associated with 

the naturally induced magnetic field; 
producing a signal from the Sensor indicative of the fringe 

effect associated with the anomaly; and 
wherein the Sensor is positioned proximate the anomaly 

by disposing it through a tubular member using a 
WorkString that is adapted to transmit electrical power. 
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25. A method of locating an anomaly in a tubular member 
in a well, the tubular member having a naturally induced 
magnetic field, comprising: 

passing a Sensor through the tubular member; 
Sensing an anomaly causing a fringe effect associated with 

the naturally induced magnetic field; 
producing a signal from the Sensor indicative of the fringe 

effect associated with the anomaly; and 
amplifying the Signal. 
26. The method of claim 25 further comprising transmit 

ting the Signal to a remote receiver. 
27. A method of locating an anomaly in a tubular member 

in a well, the tubular member having a naturally induced 
magnetic field, comprising: 

passing a Sensor through the tubular member; 
Sensing an anomaly causing a fringe effect associated with 

the naturally induced magnetic field; 
producing a signal from the Sensor indicative of the fringe 

effect associated with the anomaly: and 
converting the Signal to a processed digital Signal. 
28. The method of claim 27 wherein the processed digital 

Signal comprises a Square Wave. 
29. A method of detecting one or more perforations in the 

wall of a tubular member having a first magnetic Signature 
being attributable to a naturally induced magnetic flux, 
comprising: 

disposing a magnetoresistive Sensor within a tubular 
member; 

generating a Signal from the Sensor corresponding to the 
first magnetic signature; 

moving the Sensor proximate a perforation in the wall of 
the tubular member; and 

causing a change in the Signal indicative of the presence 
of the perforation, the change being attributable to a 
fringe effect associated with the perforation. 

30. The method of claim 29 further comprising processing 
the Signal to obtain a more recognizable processed Signal. 

31. A method of detecting an increase in an amplitude of 
a magnetic field associated with fringe effects in a naturally 
induced magnetic field within a String of tubular members, 
the method comprising: 

disposing a Sensor proximate a String of tubular members 
having the naturally induced magnetic field; 

Sensing the increase in the amplitude of the naturally 
induced magnetic field with the Sensor, the increase in 
the amplitude being caused by a fringe effect indicative 
of a perforation in a wall of a tubular member. 
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32. The method of claim 31 wherein the magnetic field in 

the string of tubular members is induced by the earth's 
natural magnetic fields. 

33. The method of claim 32 further comprising generating 
a signal indicative of the increase in the amplitude of the 
induced field. 

34. The method of claim 33 further comprising transmit 
ting the Signal to a remote location. 

35. A method of detecting perturbations in a naturally 
induced magnetic field within a String of tubular members, 
the method comprising: 

disposing a Sensor proximate a String of tubular members 
having the naturally induced magnetic field; and 

Sensing a perturbation in the naturally induced magnetic 
field with the Sensor, the perturbation being caused by 
a fringe effect indicative of a perforation in a wall of a 
tubular member. 

36. A method of detecting casing joints in a naturally 
induced magnetic field within a String of tubular members, 
the method comprising: 

disposing a Sensor proximate a String of tubular members 
having the naturally induced magnetic field; 

Sensing a change in the magnitude of the magnetic field 
indicative of the presence of a casing joint connecting 
adjacent tubular members. 

37. A method of detecting perturbations in a naturally 
induced magnetic field within a String of tubular members, 
the method comprising: 

disposing a Sensor proximate a String of tubular members 
having the naturally induced magnetic field; 

Sensing a perturbation in the naturally induced magnetic 
field with the Sensor, the perturbation being caused by 
a fringe effect indicative of a perforation in a wall of a 
tubular member; and 

negating any magnetic field associated with the Sensor. 
38. A method of detecting perturbations in a naturally 

induced magnetic field within a String of tubular members, 
the method comprising: 

disposing a Sensor proximate a String of tubular members 
having the naturally induced magnetic field; 

Sensing a perturbation in the naturally induced magnetic 
field with the Sensor, the perturbation being caused by 
a fringe effect indicative of a terminal end of the String 
of tubular members; and 

negating any magnetic field associated with the Sensor. 
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